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Clinical PerspectiveWhat Is New?Caloric restriction increases aldosterone secretion regardless of the level of sodium intake.The combination of caloric restricted and salt‐restricted diets abolished the beneficial effects of each diet independently on reduction of blood pressure, improved insulin resistance, and decreased levels of adiponectin, visfatin, and nicotinamide adenine dinucleotide.Increases in blood pressure following caloric and salt restriction may, in part, be secondary to an enhanced adrenal zona glomerulosa cell response to secretagogues such as angiotensin II.What Are the Clinical Implications?Caution should be exercised before advocating both significant caloric‐ and salt‐restrictive diets, as their individual cardiovascular benefits may be reduced.In some individuals, caloric restriction may be associated with an increased risk of aldosterone‐mediated cardiovascular and renal damage regardless of the level of sodium intake.

Introduction {#jah32539-sec-0008}
============

Cardiovascular disease continues to be the number‐1 cause for death, with worsening cardiometabolic factors being the primary mediators. Environmental factors, particularly diet, are substantial risk factors for the development of cardiometabolic abnormalities (eg, hypertension, insulin resistance, and dyslipidemia) and end‐organ damage.[1](#jah32539-bib-0001){ref-type="ref"} The 2 most frequently cited of these factors are salt and caloric intakes.[2](#jah32539-bib-0002){ref-type="ref"}, [3](#jah32539-bib-0003){ref-type="ref"}, [4](#jah32539-bib-0004){ref-type="ref"} Based on the results of many observational studies, salt restriction (ResS) and caloric restriction (CR) are highly regarded to be effective nonpharmacologic interventions to reduce the risk of cardiovascular events.[5](#jah32539-bib-0005){ref-type="ref"} Because of these results and supportive preclinical data,[6](#jah32539-bib-0006){ref-type="ref"}, [7](#jah32539-bib-0007){ref-type="ref"}, [8](#jah32539-bib-0008){ref-type="ref"} government agencies and medical associations have strongly advocated both ResS and CR as national goals for the population in general.[9](#jah32539-bib-0009){ref-type="ref"}

ResS activates the renin‐angiotensin‐aldosterone system (RAAS). This system plays a critical role in blood pressure (BP) regulation via its effects on both sodium and volume homeostasis and vascular reactivity and structure. However, there is abundant evidence showing that, in humans and rodents, chronic activation of the mineralocorticoid receptor and disordered angiotensin II (AngII) and/or aldosterone (Aldo) levels lead to increases in BP and cardiovascular and renal damage. Limited data suggest that CR reduces RAAS activity that would be beneficial.[10](#jah32539-bib-0010){ref-type="ref"}, [11](#jah32539-bib-0011){ref-type="ref"}, [12](#jah32539-bib-0012){ref-type="ref"} However, the impact of ResS and CR on RAAS activation is uncertain.

Several recent studies suggest that sirtuins (silent information regulator 2 proteins \[SIRT\]), and specifically SIRT1, may be major mediators of the beneficial effects of CR. SIRTs are NAD‐dependent histone deacetylases, which are reported to be involved in the cardioprotective effects of CR.[13](#jah32539-bib-0013){ref-type="ref"}, [14](#jah32539-bib-0014){ref-type="ref"}, [15](#jah32539-bib-0015){ref-type="ref"}, [16](#jah32539-bib-0016){ref-type="ref"} In addition, others have shown that SIRT1 mediates renal protective effects of CR.[17](#jah32539-bib-0017){ref-type="ref"} Of interest, SIRT1 may also be involved in sodium homeostasis by modulating renal sodium excretion[18](#jah32539-bib-0018){ref-type="ref"}, [19](#jah32539-bib-0019){ref-type="ref"}, [20](#jah32539-bib-0020){ref-type="ref"} and has been shown to be increased in renal, cardiac, and fat tissue by a low‐salt diet.[21](#jah32539-bib-0021){ref-type="ref"}

However, there are no data to determine if the combination of CR and ResS has additive or synergistic effects in modifying potential cardiovascular and metabolic risk factors. Based on currently available published data, we hypothesized that CR and ResS would have similar effects on reducing cardiovascular and metabolic risk markers and that the combination of CR and ResS would be synergistic in modulating these markers. Thus, in rodents, we assessed the effects of 4 diets (liberal salt diet, CR/liberal salt diet, ResS diet, and CR/ResS diet) on our end points (BP, measures of RAAS activation, insulin resistance, and the levels of cardiovascular risk hormones) and potential mechanistic molecular biomarkers.

Materials and Methods {#jah32539-sec-0009}
=====================

Animal Study {#jah32539-sec-0010}
------------

Male Wistar rats weighing 175 to 200 g were obtained from Charles River Laboratories, Inc (Wilmington, MA). All animals were housed in a room lighted 12 h/day at an ambient temperature of 22±1°C. Animals were allowed 4 days to acclimate after arrival and had free access to Laboratory Rodent Diet 5001 (LabDiet, St. Louis, MO) and tap water until the initiation of the experiment. To assess the influence of dietary sodium consumption, liberal salt (HS) and restricted salt (ResS) rodent chows (HS containing 1.6% Na^+^ and 1.1% K^+^, ResS containing 0.03% Na^+^ and 1.1% K^+^) were prepared as derivations from the Basal Diet 5755 (TestDiet, St. Louis, MO \[Table [1](#jah32539-tbl-0001){ref-type="table"}\]). Of importance in this study, mineral intake was maintained constant between CR and ad libitum (ie, non‐CR) diets, particularly for sodium and potassium. Thus, the equivalent CR diets contained 2.7% Na^+^ and 1.8% K^+^ in CR/HS diets and 0.05% Na^+^ and 1.8% K^+^ in CR/ResS diets plus the appropriate enrichments in vitamins for each diet. The rats were divided into 2 groups 4 days before initiation of CR and fed with HS and ResS chow, respectively. During this period, 24‐hour food consumption was measured daily to determine baseline food intake. After the acclimation period, each group was divided into 2 subgroups, ad libitum (ad libitum/HS or ad libitum/ResS) and CR (CR/HS or CR/ResS) and studied for 4 weeks. The ad libitum/HS and ad libitum/ResS groups had free access to the HS and the ResS chow, respectively, for the duration of the study. The CR/HS and CR/ResS groups received 60% of the food intake consumed by the animals during the baseline period when on the ad libitum/HS and the ad libitum/ResS diets, respectively. All rats were weighed weekly at the same time of day. In the last week of the intervention period, intraperitoneal glucose tolerance tests (ipGTT), BP measurements, and 24‐hour urine collections were performed as described below. The studies were conducted in accordance with Harvard Medical School institutional guidelines for the humane treatment of animals.

###### 

Diet Composition

                                          LS (LT072)   LS‐CR (LT073)   HS (LT074)   HS‐CR (LT075)                                                                
  --------------------------------------- ------------ --------------- ------------ --------------- ------- ------ ------- ------- ------ ------- ------- ------ ------
  Protein                                 \%                           18                           18      40             18      100            18      40     100
  Arginine                                \%                           0.71                         0.71    40             0.71    100            0.71    40     100
  Histidine                               \%                           0.52                         0.52    40             0.52    100            0.52    40     100
  Isoleucine                              \%                           0.97                         0.97    40             0.97    100            0.97    40     100
  Leucine                                 \%                           1.75                         1.75    40             1.75    100            1.75    40     100
  Lysine                                  \%                           1.47                         1.47    40             1.47    100            1.47    40     100
  Methionine                              \%                           0.67                         0.67    40             0.67    100            0.67    40     100
  Cystine                                 \%                           0.07                         0.07    40             0.07    100            0.07    40     100
  Phenyalanine                            \%                           0.97                         0.97    40             0.97    100            0.97    40     100
  Tyrosine                                \%                           1.03                         1.03    40             1.03    100            1.03    40     100
  Threonine                               \%                           0.78                         0.78    40             0.78    100            0.78    40     100
  Tryprophan                              \%                           0.22                         0.22    40             0.22    100            0.22    40     100
  Valine                                  \%                           1.16                         1.16    40             1.16    100            1.16    40     100
  Alanine                                 \%                           0.56                         0.56    40             0.56    100            0.56    40     100
  Aspartic acid                           \%                           1.31                         1.31    40             1.31    100            1.31    40     100
  Glutamic acid                           \%                           4.14                         4.14    40             4.14    100            4.14    40     100
  Glycine                                 \%                           0.39                         0.39    40             0.39    100            0.39    40     100
  Proline                                 \%                           2.39                         2.39    40             2.39    100            2.39    40     100
  Serine                                  \%                           1.12                         1.12    40             1.12    100            1.12    40     100
  Taurine                                 \%                           0                            0                      0                      0              
  Fat (ether extract)                     \%                           9.7                          9.7     40             9.7     100            9.7     40     100
  Fat (acid hydrolysis)                   \%                           9.7                          9.7     40             9.7     100            9.7     40     100
  Cholesterol, ppm                        \%                           46                           46      40             46      100            46      40     100
  Linoleic acid                           \%                           3.22                         3.22    40             3.22    100            3.22    40     100
  Linolenic acid                          \%                           0.06                         0.06    40             0.06    100            0.06    40     100
  Arachidonic acid                        \%                           0.01                         0.01    40             0.01    100            0.01    40     100
  Omega‐3 fatty acids                     \%                           0.06                         0.06    40             0.06    100            0.06    40     100
  Total saturated fatty acids             \%                           2.63                         2.63    40             2.63    100            2.63    40     100
  Total monounsaturated fatty acids       \%                           3.2                          3.2     40             3.2     100            3.2     40     100
  Polyunsaturated fatty acids             \%                           3.3                          3.3     40             3.3     100            3.3     40     100
  Fiber (max)                             \%                           3.9                          4.6     29             3.9     100            4.6     29     100
  Neutral detergent fiber                 \%                           3.6                          4.3     28             3.6     100            4.3     28     100
  Acid detergent fiber                    \%                           3.1                          3.7     28             3.1     100            3.7     28     100
  Nitrogen‐free extract (by difference)   \%                           51.2                         48      44             51.2    100            48      44     100
  Starch                                  \%                           41.55                        36.71   47             37.29   90             29.95   52     82
  Glucose                                 \%                           48.79                        43.94   46             44.53   91             37.19   50     85
  Fructose                                \%                           7.24                         7.24    40             7.24    100            7.24    40     100
  Sucrose                                 \%                           16.35                        17.59   35             16.35   100            17.59   35     100
  Lactose                                 \%                           0                            0                      0                      0              
  Total digestible nutrients              \%                           32.9                         34.1    38             32.9    100            34.1    38     100
  Energy                                  kcal/g                       3.63                         3.51    42.0           3.63                   3.51    42.0   
                                                       kcal            \%           kcal            \%             kcal    \%             kcal    \%             
  Protein                                              0.719           19.8         0.719           20.5    40     0.719   19.8    100    0.719   20.5    40     100
  Fat (ether extract)                                  0.869           23.9         0.869           24.8    38     0.869   23.9    100    0.869   24.8    40     100
  Carbohydrates                                        2.047           56.3         1.92            54.7    42     2.047   56.3    100    1.92    54.7    44     100
  Minerals                                \%                           7.3                          9.3     24             7.3     100            9.3     24     100
  Calcium                                 \%                           0.6                          1       0              0.6     100            1       0      100
  Phosphorus                              \%                           0.53                         0.78    12             0.53    100            0.78    12     100
  Phosphorus (available)                  \%                           0.53                         0.78    12             0.53    100            0.78    12     100
  Potassium                               \%                           1.1                          1.8     2              1.1     100            1.8     2      100
  Magnesium                               \%                           0.09                         0.13    13             0.09    100            0.13    13     100
  Sulfur                                  \%                           0.12                         0.18    10             0.12    100            0.18    10     100
  Sodium                                  \%                           0.03                         0.05    0              1.6     5333           2.7     −1     5400
  Chlorine                                \%                           0.54                         0.84    7              2.97    550            4.93    0      587
  Fluorine                                ppm                          4.8                          8       0              4.8     100            8       0      100
  Iron                                    ppm                          62                           100     3              62      100            100     3      100
  Zinc                                    ppm                          26                           40      8              26      100            40      8      100
  Manganese                               ppm                          63                           105     0              63      100            105     0      100
  Copper                                  ppm                          23                           38      1              23      100            38      1      100
  Cobalt                                  ppm                          3.11                         5.19    0              3.11    100            5.19    0      100
  Iodine                                  ppm                          0.55                         0.92    0              0.55    100            0.92    0      100
  Chromium                                ppm                          2.92                         4.88    0              2.92    100            4.88    0      100
  Selenium                                ppm                          0.07                         0.07    40             0.07    100            0.07    40     100
  Vitamins                                                                                                                                                       
  Carotene                                ppm                          0                            0                      0                      0              
  Vitamin A                               IU/g                         21                           35      0              21      100            35      0      100
  Vitamin D~3~                            IU/g                         2.1                          3.5     0              2.1     100            3.5     0      100
  Vitamin E                               IU/g                         48                           80      0              48      100            80      0      100
  Vitamin K                               ppm                          10                           16.7    0              10      100            16.7    0      100
  Thiamine hydrochloride                  ppm                          20                           33      1              20      100            33      1      100
  Riboflavin                              ppm                          20                           32.8    2              20      100            32.8    2      100
  Niacin                                  ppm                          87                           144     1              57      66             144     −52    100
  Pantothenic acid                        ppm                          54                           90      0              54      100            90      0      100
  Folic acid                              ppm                          4                            6.6     1              4       100            6.6     1      100
  Pyridoxine                              ppm                          15.92                        26.41   0              15.92   100            26.41   0      100
  Biotin                                  ppm                          0.4                          0.6     10             0.4     100            0.6     10     100
  Vitamin B~12~                           μg/kg                        23                           36      6              23      100            36      6      100
  Choline chloride                        ppm                          1351                         1351    40             1351    100            1351    40     100

CR indicates caloric restriction; HS, high sodium; LS, low sodium.

Zona Glomerulosa Cell Stimulation {#jah32539-sec-0011}
---------------------------------

Adrenal glands were excised during euthanization, and zona glomerulosa (ZG) cells were isolated as previously reported.[22](#jah32539-bib-0022){ref-type="ref"}, [23](#jah32539-bib-0023){ref-type="ref"}, [24](#jah32539-bib-0024){ref-type="ref"} Briefly, ZG cell suspensions were made by diluting pellets to obtain 1 to 2×10^5^ cells/0.5 mL of modified Krebs‐Ringer bicarbonate. Cells were then incubated in duplicate, in vehicle or in the presence of AngII (10^−10^ to 10^−7^ mol/L) for 1 hour at 37°C under 5% CO~2~ and 95% O~2~ atmosphere.

Intraperitoneal Glucose Tolerance Test {#jah32539-sec-0012}
--------------------------------------

The procedure was performed as previously described by us.[25](#jah32539-bib-0025){ref-type="ref"} Briefly, animals were fasted for 10 hours overnight before the ipGTT, and the next morning (day 21) body weights were recorded. Glucose solution (1.5 g/kg body weight) was infused intraperitoneally. Blood samples were obtained from the tail of conscious rats for determination of blood glucose levels before glucose administration and 15, 30, 60, 90, and 120 minutes after glucose administration. At the end of the ipGTT, rats were returned to cages and allowed access to food. Blood glucose levels were determined using a Freestyle glucometer (Abbott Laboratories, Abbott Park, IL).

Heart Rate and BP Measurements {#jah32539-sec-0013}
------------------------------

Heart rate and BP were measured in conscious rats on day 24 using tail‐cuff plethysmography (CODA noninvasive BP system, Kent Scientific, Litchfield, CT) as previously described.[26](#jah32539-bib-0026){ref-type="ref"} Rats were warmed to 30°C for about 10 minutes and allowed to rest quietly before BP measurement. BP was measured in the afternoon in a quiet room, and the rats were kept calm and handled by the same person. No sedation was used. Rats were acclimatized to the tail‐cuff BP measurement procedure for 1 week before the final measurements. We have previously demonstrated a very strong correlation between tail‐cuff and telemetry BP measurements using this approach.[26](#jah32539-bib-0026){ref-type="ref"}

Urine Analyses {#jah32539-sec-0014}
--------------

On day 25, rats were individually housed in metabolic cages, and 24‐hour urine samples were collected. Urinary volume (UV) was assessed, and samples were stored at −80°C for subsequent determination of urinary protein, urinary sodium excretion (UNa^+^), and urinary creatinine. Urinary protein was determined by Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL). UNa^+^ was measured using the Stanbio Sodium kit (Stanbio Laboratory, Boerne, TX), and urinary creatinine was measured by Creatinine Liquicolor (Stanbio Laboratory). Urinary protein‐to‐creatinine ratio was calculated as urinary protein concentration (mg/mL)/urinary creatinine concentration (mg/dL).

Tissue Collection and Blood Sampling at Euthanasia {#jah32539-sec-0015}
--------------------------------------------------

On the last day of the study (day 28), rats were euthanized under inhalatory anesthesia with isoflurane. Blood samples were drawn from the abdominal aorta. The left ventricle and kidneys were rapidly excised, weighed, quickly frozen in liquid nitrogen, and stored at −80°C until processing. Blood was collected in purple‐top and yellow‐top BD Microtainer tubes (EDTA plasma and serum, respectively). The plasma and serum were separated by centrifugation and stored at −80°C.

Measurement of Blood Hormones and Kidney NAD^+^ Concentration {#jah32539-sec-0016}
-------------------------------------------------------------

Serum insulin was measured by Rat Insulin ELISA (ALPCO Diagnostics, Salem, NH). Homeostasis model assessment insulin resistance (HOMA‐IR) was calculated by the following formula: HOMA‐IR=fasting blood glucose (mmol/L)×fasting insulin (μU/mL)/22.4. Serum Aldo and plasma corticosterone levels were determined using a solid‐phase radioimmunoassay (Diagnostic Products, Los Angeles, CA) and corticosterone ^3^H radioimmunoassay kit (MP Biomedicals, LLC, Solon, OH). Plasma renin activity (PRA) was measured by radioimmunoassay (DiaSorin, Stillwater, MN). Plasma adiponectin level was measured by ELISA (Rat Adiponectin, EMD Millipore, Darmstadt, Germany). Kidney NAD^+^ concentration was determined by NAD^+^/NADH Quantification Colorimetric Kit (BioVision, Milpitas, CA).

Western Blotting {#jah32539-sec-0017}
----------------

Kidney tissues were homogenized in ice‐cold RIPA buffer (Boston BioProducts, Inc, Ashland, MA) with protease/phosphatase inhibitors (Thermo Scientific Inc, Rockford, IL) as previously described.[27](#jah32539-bib-0027){ref-type="ref"} Protein extracts (20 μg) were mixed in 6× SDS sample buffer (Boston BioProducts, Ashland, MA) with 0.6 mol/L dithiothreitol, heated at 99°C for 5 minutes, and size fractionated by electrophoresis on 10% SDS‐polyacrylamide gels. Proteins were electrophoretically transferred to Hybond enhanced chemiluminescence nitrocellulose membranes (Amersham Biosciences Corp, Piscataway, NJ). The membranes were blocked in 2% nonfat dried milk in TBS‐T (Boston BioProducts) for 1 hour at room temperature on an orbital shaker and then overnight with rabbit anti‐WNK4 antibody (1:2000, EMD Millipore, 07‐2270, Darmstadt, Germany) or rabbit anti‐Visfatin antibody (1:2000, Abcam Inc, ab109210, Cambridge, MA) at 4°C. After 3 washes in TBS‐T, the membrane was incubated for 2 hours at 4°C with horseradish peroxidase--conjugated second antibody (1:5000, goat antirabbit IgG horseradish peroxidase conjugate, sc‐2004, Santa Cruz Biotechnology, Inc, Dallas, TX) and analyzed using an enhanced chemiluminescence method (Denville Scientific, Inc, Metuchen, NJ). The signals were quantified by ImageJ software. The blots were subsequently reprobed for β‐actin (1:50 000, Monoclonal Anti‐β‐Actin‐Peroxidase clone AC‐15, Sigma‐Aldrich Co LLC, St. Louis, MO), and the results were normalized to β‐actin to correct for loading.

Real‐Time Polymerase Chain Reaction Analysis {#jah32539-sec-0018}
--------------------------------------------

Quantitative real‐time polymerase chain reaction was performed as previously described.[27](#jah32539-bib-0027){ref-type="ref"} Briefly, total mRNA was extracted using the RNeasy mini kit (Qiagen, Redwood City, CA), and the complimentary DNA was synthesized by First Strand cDNA Synthesis Kit (GE Healthcare UK Limited, Little Chalfont, Buckinghamshire, UK) with random hexamer primers. The ABI PRISM 7000 Sequence Detection System real‐time quantitative polymerase chain reaction (Applied Biosystems, Foster City, CA) was used to perform the real‐time polymerase chain reaction using TaqMan Gene Expression Assays for rat mineralocorticoid receptor, serum and glucocorticoid‐regulated kinase 1, epithelial sodium channel‐α, protein kinase with no lysine 4 (WNK4), and sodium chloride cotransporter (NCC) (Applied Biosystems). Reactions were analyzed with the ABI software using the standard curve method. Target gene expression was normalized to 18S rRNA levels.

Data Analysis {#jah32539-sec-0019}
-------------

The data were analyzed using 2‐way ANOVA (HS and ResS) and presented as means±SE. The Fisher least significant difference test was used for comparison of multiple means by GraphPad Prism 6 (GraphPad Software Inc, La Jolla, CA). Differences were considered statistically significant if *P*\<0.05. All studies were accomplished with the individual performing the study blinded as to the intervention group from which the tissues were obtained. For the ZG dose‐response curves to AngII, data were analyzed using mixed‐model regression with polynomial components and autoregressive covariance to compare diets while accommodating doses and replicates within samples. SAS version 9.4 (SAS Institute, Cary, NC) was used for these analyses.

Results {#jah32539-sec-0020}
=======

Body Weights, Sodium and Potassium Intake, and Tissue Weights {#jah32539-sec-0021}
-------------------------------------------------------------

The rats on normal caloric intake gained weight over the 4‐week study period with no statistically significant differences between the HS and ResS groups. The weight gain in the CR groups was reduced, resulting in a 23% weight difference between the CR and the ad libitum groups at the end of the study (Table [2](#jah32539-tbl-0002){ref-type="table"}). Food intake of the 2 CR groups was well controlled and about 40% less than each ad libitum group. However, the sodium intake was not statistically different in ad libitum and CR groups (Table [2](#jah32539-tbl-0002){ref-type="table"}). Kidney size was reduced in both ResS and CR groups, as compared with the ad libitum/HS group, whereas left ventricular weight was reduced only by CR (Table [2](#jah32539-tbl-0002){ref-type="table"}). No statistically significant reduction in left ventricular and kidney weight was detected in animals with the combined regimen (ResS and CR), and the tissue weights in this group were similar to those of the CR/HS group (Table [2](#jah32539-tbl-0002){ref-type="table"}).

###### 

Physiological Parameters in Rats With or Without CR at the End of Study

                                Ad Libitum/HS   Ad Libitum/ResS                                    CR/HS                                             CR/ResS
  ----------------------------- --------------- -------------------------------------------------- ------------------------------------------------- ---------------------------------------------------------------------------------------------
  Body weight, g                386±9           396±10                                             282±5[a](#jah32539-note-0005){ref-type="fn"}      298±8[a](#jah32539-note-0005){ref-type="fn"} ^,^ [b](#jah32539-note-0006){ref-type="fn"}
  Average food intake, g/d      26.8±0.6        25.6±0.8                                           16.0±0.4[a](#jah32539-note-0005){ref-type="fn"}   15.5±0.5[a](#jah32539-note-0005){ref-type="fn"} ^,^ [b](#jah32539-note-0006){ref-type="fn"}
  Average Na^+^ intake, mEq/d   18.62±0.41      0.03±0.00[a](#jah32539-note-0005){ref-type="fn"}   18.80±0.44                                        0.03±0.00[a](#jah32539-note-0005){ref-type="fn"}
  Average K^+^ intake, mEq/d    7.5±0.2         7.3±0.2                                            7.4±0.2                                           7.1±0.2
  Average water intake, g/d     80.1±3.4        50.4±3.1[a](#jah32539-note-0005){ref-type="fn"}    85.1±3.4                                          48.3±2.1[a](#jah32539-note-0005){ref-type="fn"}
  LV weight/TL, g/mm            21.2±0.4        19.3±1.1                                           15.6±0.5[a](#jah32539-note-0005){ref-type="fn"}   15.4±1.1[a](#jah32539-note-0005){ref-type="fn"} ^,^ [b](#jah32539-note-0006){ref-type="fn"}
  Kidney weight/TL, g/mm        39.9±2.3        33.2±1.9[a](#jah32539-note-0005){ref-type="fn"}    28.7±1.7[a](#jah32539-note-0005){ref-type="fn"}   23.6±0.3[a](#jah32539-note-0005){ref-type="fn"} ^,^ [b](#jah32539-note-0006){ref-type="fn"}
  PRA, ng/(mL·h)                7.6±1.4         11.7±0.9[a](#jah32539-note-0005){ref-type="fn"}    6.1±1.0                                           11.8±1.5[a](#jah32539-note-0005){ref-type="fn"}
  Aldosterone, ng/dL            6.3±1.0         20.4±1.3[a](#jah32539-note-0005){ref-type="fn"}    12.1±1.3[a](#jah32539-note-0005){ref-type="fn"}   19.1±2.7[a](#jah32539-note-0005){ref-type="fn"}
  Aldosterone/PRA ratio         1.0±0.2         1.8±0.3                                            2.6±0.5[a](#jah32539-note-0005){ref-type="fn"}    1.8±0.2
  Corticosterone, ng/mL         540±83          543±57                                             829±66[a](#jah32539-note-0005){ref-type="fn"}     532±83
  Fasting glucose, mg/dL        117±3           124±6                                              102±3[a](#jah32539-note-0005){ref-type="fn"}      112±7
  Fasting insulin, μU/mL        6.3±1.2         14.4±3.5[a](#jah32539-note-0005){ref-type="fn"}    4.3±1.7                                           9.6±3.6
  HOMA‐IR                       2.1±0.4         5.1±1.4[a](#jah32539-note-0005){ref-type="fn"}     1.2±0.5                                           3.1±1.3

Data are mean±SEM (n=12 rats/group for body weight and food, Na^+^, K^+^, water intake; n=9 rats/group for aldosterone, PRA, corticosterone; n=6 rats/group for tissue weights; n=6 rats/group for fasting glucose, fasting insulin, and HOMA‐IR). CR indicates caloric restriction; HOMA‐IR, homeostatic model assessment of insulin resistance; HS, high sodium; LV, left ventricular; PRA, plasma renin activity; ResS, sodium restriction; TL, tibia length.

*P*\<0.05 vs ad libitum/HS.

*P*\<0.05 vs ad libitum/ResS by Fisher least significant difference test.

Hemodynamic and Urine Parameters {#jah32539-sec-0022}
--------------------------------

BP was significantly reduced to similar levels by either ResS or CR (Figure [1](#jah32539-fig-0001){ref-type="fig"}A and [1](#jah32539-fig-0001){ref-type="fig"}B). Interestingly, the BP‐lowering effect exerted by ResS or CR disappeared in the CR/ResS group. No statistically significant differences were detected in pulse pressure or heart rate in response to either ResS or CR (data not shown). Despite similar water and Na^+^ intake in the ad libitum/HS and CR/HS groups (Table [2](#jah32539-tbl-0002){ref-type="table"}), UV and UNa^+^ were significantly increased in the CR/HS. Both UV and UNa^+^ were clearly reduced by ResS (Figure [2](#jah32539-fig-0002){ref-type="fig"}A and [2](#jah32539-fig-0002){ref-type="fig"}B). The combination of CR with ResS showed no statistically significant effects on UV and UNa^+^; UV and UNa^+^ were similar in the CR/ResS and the ad libitum/ResS groups (Figure [2](#jah32539-fig-0002){ref-type="fig"}A and [2](#jah32539-fig-0002){ref-type="fig"}B).

![Hemodynamic parameters in rats. Rats were divided into 4 groups as defined in [Methods](#jah32539-sec-0009){ref-type="sec"}: ad libitum/HS (containing 1.6% Na^+^, 1.1 K^+^ and no caloric restriction); ad libitum/ResS (containing 0.03% Na^+^, 1.1% K^+^ and no caloric restriction); caloric restricted to 60% on a high‐salt diet (CR/HS) and caloric restricted to 60% on a restricted‐salt diet (CR/ResS). Systolic blood pressures (A) and diastolic blood pressures (B) were measured by tail‐cuff method on day 24 of each diet. Data are shown as mean±SEM (n=12 rats/group). \**P*\<0.05 by Fisher least significant difference test after 2‐way ANOVA analyses. If \* is not indicated, the comparisons were not statistically significant. CR indicates caloric restriction; HS, high sodium; ResS, sodium restriction.](JAH3-6-e005374-g001){#jah32539-fig-0001}

![Urinary volume and sodium excretion in rats. Rats were placed individually in metabolic cages, and 24‐hour urines were collected on day 25. Urinary volume (A) and sodium concentration were measured, and 24‐hour urinary sodium excretion (B) was calculated. Data are shown as mean±SEM (n=12 rats/group). \*\**P*\<0.01 by Fisher least significant difference test after 2‐way ANOVA analyses. If \* is not indicated, the comparisons were not statistically significant. CR indicates caloric restriction; HS, high sodium; ResS, sodium restriction.](JAH3-6-e005374-g002){#jah32539-fig-0002}

PRA and Aldo Levels {#jah32539-sec-0023}
-------------------

Consistent with previously published results, PRA and serum Aldo were increased by ResS, confirming that the systemic RAAS was activated to maintain body electrolytes and volume (Table [2](#jah32539-tbl-0002){ref-type="table"}). Interestingly, the Aldo/PRA ratio in the CR/HS was significantly higher than those in the ad libitum/HS because Aldo levels were higher and PRAs were lower in the CR/HS group (Table [1](#jah32539-tbl-0001){ref-type="table"}), suggesting that CR enhances the ZG response to AngII. However, this effect was not observed on the ResS diet, as PRA, Aldo, and the Aldo/PRA ratio did not differ significantly between the CR/ResS and the ad libitum/ResS groups (Table [2](#jah32539-tbl-0002){ref-type="table"}).

Aldosterone Production by Ex Vivo Zona Glomerulosa Cells {#jah32539-sec-0024}
--------------------------------------------------------

To characterize directly the effects of the diets on Aldo production, we then turned to an isolated ZG preparation. Aldo levels, basally and in response to AngII, were significantly increased following both HS and ResS and CR (Figure [3](#jah32539-fig-0003){ref-type="fig"}). These data support the hypothesis that CR may be associated with an increased risk of Aldo‐mediated cardiovascular and renal damage regardless of the level of sodium intake. Thus, the increase in BP with CR and ResS may, in part, be secondary to the markedly enhanced ZG cell response to AngII.

![Angiotensin II‐stimulated aldosterone production by ex vivo rat zona glomerulosa cells. CR increased angiotensin II‐stimulated aldosterone production in ResS and HS. Ex vivo zona glomerulosa cells were harvested from rats following treatment with the 4 diets as shown in [Methods](#jah32539-sec-0009){ref-type="sec"} and stimulated with increasing concentrations of angiotensin II for 1 hour at 37°C. Data are shown as mean±SEM (n=3 separate studies, replicated 4 times except for AngII 10^−10^ and 10^−9^ mol/L doses \[2 replicates\]; HS:*P*=0.027; ResS: *P*=0.0068). The data were analyzed using mixed‐model regression with polynomial components and autoregressive covariance to compare diets while accommodating doses and replicates within samples. SAS version 9.4 (SAS Institute, Cary, NC) was used for these analyses. AL indicates aldosterone; AngII, angiotensin II; CR, caloric restriction; HS, high sodium; LS, low sodium; ResS, sodium restriction.](JAH3-6-e005374-g003){#jah32539-fig-0003}

Renal Sodium‐Handling Factors {#jah32539-sec-0025}
-----------------------------

Serum Aldo, mineralocorticoid receptor, and epithelial sodium channel‐α gene expressions were significantly upregulated by ResS (Figure [4](#jah32539-fig-0004){ref-type="fig"}), as anticipated to maintain normal sodium/volume homeostasis. Surprisingly, mineralocorticoid receptor, serum and glucocorticoid‐regulated kinase 1, and epithelial sodium channel‐α gene expressions also were increased by CR (Figure [4](#jah32539-fig-0004){ref-type="fig"}) under liberal salt intake conditions. WNK4 and NCC are additional factors involved in the renal responses to changes in sodium intake.[28](#jah32539-bib-0028){ref-type="ref"}, [29](#jah32539-bib-0029){ref-type="ref"}, [30](#jah32539-bib-0030){ref-type="ref"} Although there was a significant change in WNK4 gene expression at the end of the 4‐week study, WNK4 protein levels were significantly reduced in the ResS and CR groups as compared with the HS group. This decrease in WNK4 protein was not observed when animals received the combined CR/ResS diet (Figure [5](#jah32539-fig-0005){ref-type="fig"}A and [5](#jah32539-fig-0005){ref-type="fig"}C). As anticipated, NCC gene expression was significantly upregulated with ResS; however, it was also increased in the CR/HS group when sodium intake was not reduced (Figure [5](#jah32539-fig-0005){ref-type="fig"}B). These results suggest that CR produces changes in the kidney similar to those occurring with ResS, with both CR and ResS leading to enhanced renal sodium reabsorption. Interestingly, the effects of combining CR and ResS were not additive, as the effects of UV and UNa^+^ during CR/ResS were not significantly different from those of ad libitum/ResS (Figure [2](#jah32539-fig-0002){ref-type="fig"}A and [2](#jah32539-fig-0002){ref-type="fig"}B).

![Gene expression of MR,SGK1, and ENaCα in kidney. Gene expressions of mineralocorticoid receptor (MR) (A), serum and glucocorticoid‐regulated kinase 1 (SGK1) (B), and epithelial sodium channel‐α (ENaCα) (C) in kidney were evaluated by real‐time polymerase chain reaction. Each gene\'s expression level was normalized by 18S rRNA expression level. Data are shown as mean±SEM (n=12 rats/group). \**P*\<0.05, \*\**P*\<0.01 by Fisher least significant difference test after 2‐way ANOVA analyses. If \* is not indicated, the comparisons were not statistically significant. CR indicates caloric restriction; HS, high sodium; ResS, sodium restriction.](JAH3-6-e005374-g004){#jah32539-fig-0004}

![Gene and protein expressions of WNK4 and NCC in kidney. Gene expressions of protein kinase with no lysine 4 (WNK4) (A) and sodium chloride cotransporter (NCC) (B) in kidney were evaluated by real‐time polymerase chain reaction. Each gene expression level was normalized by 18S rRNA expression level. Kidney WNK4 protein expression (C) was analyzed by western blotting, and protein expression level was normalized by β‐actin protein expression. Data are shown as mean±SEM (n=12 rats/group). \**P*\<0.05 by Fisher least significant difference test after 2‐way ANOVA analyses. If \* is not indicated, the comparisons were not statistically significant. CR indicates caloric restriction; HS, high sodium; ResS, sodium restriction.](JAH3-6-e005374-g005){#jah32539-fig-0005}

The Effect of ResS or CR on Markers of Kidney Injury {#jah32539-sec-0026}
----------------------------------------------------

Urinary protein‐to‐creatinine ratio, a surrogate marker for kidney injury, was significantly increased by ResS (Figure [6](#jah32539-fig-0006){ref-type="fig"}A), raising the possibility that ResS increases renal injury. However, the profibrotic factors transforming growth factor‐β1 and collagen type 1α1 chain were not significantly changed in the kidney (Figure [6](#jah32539-fig-0006){ref-type="fig"}B and [6](#jah32539-fig-0006){ref-type="fig"}C). In contrast, CR markedly reduced both urinary protein‐to‐creatinine ratio and collagen type 1α1 gene expression (Figure [6](#jah32539-fig-0006){ref-type="fig"}A and [6](#jah32539-fig-0006){ref-type="fig"}C), suggesting that CR under liberal salt intake conditions protects the kidney against injury and as such may suppresses kidney fibrosis.

![Urinary protein excretion and gene expression of TGFβ and COL1A1 in kidney. The effect of ResS or CR on urinary protein‐to‐creatinine ratio (UPCR) (A), kidney transforming growth factor‐β1 (TGFβ) (B), and collagen type 1α1 chain (COL1A1) (C) gene expression were evaluated by real‐time polymerase chain reaction. Each gene expression was normalized by 18S rRNA expression level. Data are shown as mean±SEM (n=12 rats/group). \**P*\<0.05, \*\**P*\<0.01 by Fisher least significant difference test after 2‐way ANOVA analyses. If *\** is not indicated, the comparisons were not statistically significant. CR indicates caloric restriction; HS, high sodium; ResS, sodium restriction.](JAH3-6-e005374-g006){#jah32539-fig-0006}

Glucose Tolerance and Insulin Sensitivity {#jah32539-sec-0027}
-----------------------------------------

CR has been reported to upregulate insulin sensitivity in normal animals.[31](#jah32539-bib-0031){ref-type="ref"} In agreement with these reports, both fasting glucose and the AUC of blood glucose during the ipGTT were significantly reduced in the CR/HS group. However, these effects were dampened when sodium restriction was added to CR (Table [2](#jah32539-tbl-0002){ref-type="table"}). Indeed, the blood glucose levels at some time points during the ipGTT (15 and 90 minutes) were significantly higher in CR/ResS than in CR‐HS (Figure [7](#jah32539-fig-0007){ref-type="fig"}A). In addition, the AUC was significantly lower only in the CR/HS condition as compared with HS (Figure [7](#jah32539-fig-0007){ref-type="fig"}B). These results indicate that the beneficial effect of CR on glucose homeostasis is masked when it is combined with ResS. Interestingly, HOMA‐IR as well as fasting insulin were significantly higher in ad libitum/ResS versus ad libitum/HS (Table [1](#jah32539-tbl-0001){ref-type="table"}), suggesting that ResS itself may impair the insulin response and partly cancel the potential beneficial effect of CR. However, other metabolic parameters were improved with CR regardless of salt intake. For example, postprandial triglyceride levels were reduced by CR in both HS and ResS (HS 223.8±22.8; HS+CR 149.4±21.1; ResS 281.4±37.9; ResS+CR 134.1±19.4 \[mg/dL, mean±SEM, *P*\<0.025\]).

![Glucose tolerance test in rats. Glucose solution (1.5 g/kg body weight) was infused intraperitoneally in conscious rats after 10 hours overnight fasting on day 21 of study, and blood glucoses (A) were measured at 0, 15, 30, 90, 120 minutes after glucose challenge. The areas under the curve (AUC) of blood glucose (B) were calculated. Data are shown as mean±SEM (n=12 rats/group). \**P*\<0.05 by Fisher least significant difference test after 2‐way ANOVA analyses. If *\** is not indicated, the comparisons were not statistically significant. AUC indicates area under the concentration‐time curve; CR, caloric restriction; GTT, glucose tolerance test; HS, high sodium; ResS, sodium restriction.](JAH3-6-e005374-g007){#jah32539-fig-0007}

Adiponectin, Kidney Visfatin Expression, and Kidney NAD^+^ Level {#jah32539-sec-0028}
----------------------------------------------------------------

Increased adiponectin, visfatin, and NAD^+^ levels are associated with improvement of insulin sensitivity and renal protection. These 3 factors were all increased by CR but not by ResS. However, as was shown for other beneficial effects of CR, when the rats also ingested a ResS diet, improvement in these factors was blunted (Figure [8](#jah32539-fig-0008){ref-type="fig"}A through [8](#jah32539-fig-0008){ref-type="fig"}D).

![Serum adiponectin, gene and protein expression of visfatin and NAD ^+^ levels in kidney. Plasma adiponectin level (A) was measured by using the Rat Adiponectin ELISA kit. Kidney visfatin gene expression (B) was evaluated by real‐time polymerase chain reaction, and gene expression level was normalized by 18S rRNA expression level. Kidney visfatin protein expression (C) was analyzed by Western blotting, and protein expression levels were normalized by β‐actin protein expression. Kidney NAD ^+^ concentration (D) was determined by NAD ^+^/NADH Quantification Colorimetric Kit (BioVision, Milpitas, CA). Data are shown as mean±SEM (n=12 rats/group). \**P*\<0.05, \*\**P*\<0.01 by Fisher least significant difference test after 2‐way ANOVA analyses. If *\** is not indicated, the comparisons were not statistically significant. AL indicates aldosterone; CR, caloric restriction; HS, high sodium; LS, low sodium; ResS, sodium restriction.](JAH3-6-e005374-g008){#jah32539-fig-0008}

Discussion {#jah32539-sec-0029}
==========

In this study we report on the novel effects of CR on Aldo production. Aldo responses to stimulation with AngII in ex vivo ZG cells were greater in rats following CR regardless of the level of sodium intake. This response was significantly amplified when rats were on a ResS diet. On the liberal salt diet, CR reduced BP, an effect that was abolished when ResS was added to CR, potentially secondary to the enhanced ZG cell response to AngII. In agreement with the literature, CR improved insulin sensitivity, reduced markers of kidney injury, and increased renal protective factors, eg, adiponectin and visfatin. Surprisingly, combining ResS with CR reversed most of the beneficial effects of CR, resulting in increased insulin resistance and decreased levels of adiponectin, visfatin, and NAD^+^. These results suggest that combining ResS with CR does not result in additive beneficial effects. Indeed, many of the beneficial effects of CR appear to be reversed in the presence of ResS intake. Thus, our initial hypothesis that the combination of CR with ResS would elicit additive benefits was rejected, and our findings raise a note of caution concerning the combination of these 2 individually beneficial interventions in clinical settings.

There is a large body of literature documenting that both CR and ResS can substantially reduce BP in humans. However, there are limited studies assessing the effect of both together. For example, in 1990 the Hypertension Prevention Trial reported on changes in BP in subjects with high‐normal BP randomized to a control treatment group with no dietary counseling or counseling for CR, ResS, or CR+ResS.[32](#jah32539-bib-0032){ref-type="ref"} Their initial measurements after 6 months of treatment were similar to those found in the present rat study. All groups were associated with reduced BP, unfortunately even the control group. CR and ResS produced nearly identical systolic BP reductions, similar to what was observed in our study. As in our study, the BP response to the combination of CR and ResS was blunted: compared with each of the diet treatments alone, only about half of the reduction occurred. However, there are limitations to this study because the diets were not provided, and CR alone also was associated with sodium reduction---2 concerns not present in our study.

Reduction of salt intake is recognized as an effective nonpharmacological intervention to reduce BP and cardiovascular risk.[2](#jah32539-bib-0002){ref-type="ref"}, [3](#jah32539-bib-0003){ref-type="ref"}, [8](#jah32539-bib-0008){ref-type="ref"}, [28](#jah32539-bib-0028){ref-type="ref"} Although BP was reduced in the present study, ResS also impaired insulin sensitivity (Table [2](#jah32539-tbl-0002){ref-type="table"}) and increased proteinuria (Figure [6](#jah32539-fig-0006){ref-type="fig"}). Lima et al reported similar results in a chronic ResS study (42 weeks) using aged rats.[33](#jah32539-bib-0033){ref-type="ref"} Moreover, a low‐salt diet increases insulin resistance in humans.[34](#jah32539-bib-0034){ref-type="ref"} In addition, ResS impairs the endothelial effect of insulin[35](#jah32539-bib-0035){ref-type="ref"} and also enhances cardiac fibrosis in a rat model of heart failure.[36](#jah32539-bib-0036){ref-type="ref"} These results suggest that ResS may not always provide cardiometabolic benefits. Insulin resistance due to chronic ResS is reversed by α‐ and β‐blockade and by [l]{.smallcaps}‐arginine,[37](#jah32539-bib-0037){ref-type="ref"} indicating that the sympathetic nervous system and the [l]{.smallcaps}‐arginine--nitric oxide pathway are involved in the insulin resistance induced by chronic ResS. In addition, there is evidence that RAAS activation is involved in insulin resistance in both skeletal muscle and adipose tissue.[38](#jah32539-bib-0038){ref-type="ref"}, [39](#jah32539-bib-0039){ref-type="ref"} Thus, the increase in RAAS that occurs with ResS,[40](#jah32539-bib-0040){ref-type="ref"}, [41](#jah32539-bib-0041){ref-type="ref"}, [42](#jah32539-bib-0042){ref-type="ref"} could be another mediator of insulin resistance with ResS. However, more precise measurements (glucose insulin clamp studies) are needed to confirm the observations in this study.

SIRT proteins are reported to be involved in the cardioprotective effects of CR.[13](#jah32539-bib-0013){ref-type="ref"}, [14](#jah32539-bib-0014){ref-type="ref"}, [15](#jah32539-bib-0015){ref-type="ref"}, [16](#jah32539-bib-0016){ref-type="ref"} Seven homologues, SIRT1‐7, have been identified in mammals, and SIRT1, the most extensively studied family member, plays a major role in mediating the beneficial effects of CR. In mammals visfatin is the rate‐limiting enzyme in the NAD^+^ biosynthesis pathway.[43](#jah32539-bib-0043){ref-type="ref"} Because NAD^+^ is an indispensable cofactor for SIRT1,[44](#jah32539-bib-0044){ref-type="ref"} visfatin is recognized to be a critical upstream regulator of SIRT1.[44](#jah32539-bib-0044){ref-type="ref"} In fact, visfatin was recently reported to be necessary for CR‐induced beneficial effects on oxidative stress, mitochondrial biogenesis, and metabolic adaptation.[45](#jah32539-bib-0045){ref-type="ref"} Consistent with these results, our study shows that visfatin protein and NAD^+^ levels were increased in the kidneys of CR animals (Figure [8](#jah32539-fig-0008){ref-type="fig"}). In addition, CR reduced BP and proteinuria with an increase in sodium excretion even when a liberal sodium intake was maintained during CR. These results suggest that CR could lower BP by enhancing excretion of Na^+^, potentially mediated by SIRT1, which may be involved in sodium homeostasis by modulating renal sodium excretion.[18](#jah32539-bib-0018){ref-type="ref"}, [19](#jah32539-bib-0019){ref-type="ref"}, [20](#jah32539-bib-0020){ref-type="ref"} Interestingly, Aldo levels, epithelial sodium channel‐α, and NCC expressions in the kidney (major regulators of sodium excretion) were increased during CR even with a liberal sodium intake and reached similar levels to those observed in rats maintained on a normal calorie/sodium‐restricted diet (Table [2](#jah32539-tbl-0002){ref-type="table"}, Figures [4](#jah32539-fig-0004){ref-type="fig"} and [5](#jah32539-fig-0005){ref-type="fig"}). These results suggest that in the presence of a liberal salt intake, CR induces changes in volume‐modulating factors similar to those observed with salt restriction. These findings imply that when rodents are caloric restricted, they "sense" that they are also sodium/volume restricted because CR enhances sodium excretion (Figure [2](#jah32539-fig-0002){ref-type="fig"}) and increases Aldo levels and production (Table [1](#jah32539-tbl-0001){ref-type="table"}, Figure [3](#jah32539-fig-0003){ref-type="fig"}). That they are not actually volume depleted and may in fact be overly volume repleted is indicated by the observed suppression of PRA compared with a liberal salt diet without caloric restriction. These results suggest that factors associated with CR are directly modulating Aldo production and downstream messengers.

Adiponectin is a well‐known adipokine that is upregulated by CR. Exogenously infused adiponectin improves insulin sensitivity and reduces kidney injury in diabetic mice.[46](#jah32539-bib-0046){ref-type="ref"} Several studies in humans showed that low levels of adiponectin were associated with high BP,[47](#jah32539-bib-0047){ref-type="ref"}, [48](#jah32539-bib-0048){ref-type="ref"}, [49](#jah32539-bib-0049){ref-type="ref"}, [50](#jah32539-bib-0050){ref-type="ref"} but the mechanism is not fully understood. In endothelial cells, adiponectin activates the AMP kinase pathway, thereby stimulating nitric oxide synthesis and bioavailability.[51](#jah32539-bib-0051){ref-type="ref"} Thus, this protective effect on endothelial function may partially explain the link between adiponectin and BP control. In our study adiponectin levels were increased by CR with a liberal salt diet (Figure [8](#jah32539-fig-0008){ref-type="fig"}), suggesting that adiponectin is involved in mediating some of the CR‐induced beneficial effects, specifically in the presence of a liberal salt diet.

We had not anticipated that the combination of ResS with CR would cancel out each other\'s beneficial effects on BP, insulin sensitivity, proteinuria, and cardioprotective factors such as adiponectin, visfatin protein, and NAD^+^ (Figures [1](#jah32539-fig-0001){ref-type="fig"}, [7](#jah32539-fig-0007){ref-type="fig"}, and [8](#jah32539-fig-0008){ref-type="fig"}). Why did this occur? One possible explanation may be related to our finding of increased Aldo production by ZG cells following CR. Limited reports are available on CR, Aldo levels, and RAAS activity.[10](#jah32539-bib-0010){ref-type="ref"}, [11](#jah32539-bib-0011){ref-type="ref"}, [12](#jah32539-bib-0012){ref-type="ref"} Early studies by Sowers et al showed that in obese adult humans, CR for up to 12 weeks was associated with reduced weight, PRA, and Aldo levels.[10](#jah32539-bib-0010){ref-type="ref"} Ho et al reported similar findings in 25 otherwise healthy obese subjects.[11](#jah32539-bib-0011){ref-type="ref"} However, the combined effects of ResS and CR are not clear.[12](#jah32539-bib-0012){ref-type="ref"} It has been proposed that CR leads to reduced sodium intake, which mediates the BP‐lowering effects, thus confounding studies of CR. In our study sodium and potassium were maintained constant between CR and ad libitum (ie, non‐CR) diets. Another possible explanation may relate to the activation of RAAS, which has been reported to suppress SIRT1 activation by CR in skeletal muscle or kidney.[52](#jah32539-bib-0052){ref-type="ref"}, [53](#jah32539-bib-0053){ref-type="ref"} The RAAS activation by ResS could suppress CR‐induced upregulation of cardiac protective factors and cancel the beneficial effects of CR. In fact, visfatin and NAD^+^ levels were upregulated by CR but reduced when combined with ResS (Figure [8](#jah32539-fig-0008){ref-type="fig"}), suggesting that SIRT1 activity may be decreased in the CR/ResS. Upregulated adiponectin also was suppressed by the combination (Figure [8](#jah32539-fig-0008){ref-type="fig"}).

There are several potential limitations of the present study. First, CR likely induced stress in these rats, given their increased corticosterone levels. The level of stress was not controlled in our experimental design. However, the increased corticosterone levels were observed only in the presence of a liberal salt intake. Second, salt intake may have been different in the CR versus nonrestricted rats as was observed in humans[32](#jah32539-bib-0032){ref-type="ref"}; however, this is unlikely because the 24‐hour sodium excretions were identical, and the feeding frequency was staggered to minimize even a timing difference in salt intake. Third, other nutrients may have been different in the CR versus non‐CR rats, which could have been further exaggerated in the sodium‐restricted CR rats and thus contribute to the observed phenotypes. We think this is unlikely because the compositions of all diets were identical except for the decrease in fat and carbohydrates in the CR diets and sodium in the ResS diets (see Table [1](#jah32539-tbl-0001){ref-type="table"} for diet compositions). Fourth, the difference in Aldo levels could be secondary to modulation of other Aldo regulatory factors. However, the confirmation from the ex vivo studies makes this possibility unlikely. Fifth, our studies were performed on healthy male rats; therefore, extrapolation to diseased rodents or humans should be done with caution and only following specific additional studies. In fact, dietary sodium restriction increases serum adiponectin in *db*/*db* mice,[54](#jah32539-bib-0054){ref-type="ref"} but no change was observed in the current study. In addition, high sodium intakes have been associated with increased glucocorticoid production, insulin resistance, and metabolic syndrome in patients with hypertension and/or metabolic syndrome,[55](#jah32539-bib-0055){ref-type="ref"} although no change in glucocorticoid levels and rather improved insulin sensitivity were observed on a liberal salt diet in our study of healthy rodents. Finally, where we did not identify a statistically significant difference does not mean that the comparators are equivalent, as in some cases the lack of a significant difference could have been limited by the sample size.

In conclusion, both CR and ResS induce similar beneficial cardiometabolic changes in rats. However, the beneficial effect of each is reduced when both treatments are applied concomitantly, suggesting that clinically their combination should be advocated with caution until more data are available. These unanticipated results may, in part, be secondary to CR‐mediated altered Aldo production.
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